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ABSTRACT
In chapter one, we designed, synthesized and characterized two cysteine sensors
CCPAP and CCPAN, with improved water solubility, cell penetration ability, and
potential

targeting

selectivity.

Two

types

of

positive

charged

groups,

i.e.

triphenylphosphonium and pyridinium were introduced respectively to the frame structure
CCP by coupling carboxylic acid with amine to improve the cell permeability and cysteine
selectivity. ESI-MS, NMR and IR were employed to characterize the molecular structures
of the two novel probes. These probes have better water solubility than the parent molecule
DCP, and better cell penetration capability than CEP, which could further distinguish the
cysteine concentration differences in living cells. Thus, the probes might be used in the
quantitative measurement of mitochondrial cysteine concentration as well as the real-time
monitoring of related physiological effects of cysteines in living cell.
In chapter two, three polymers, i.e. P4VP, PCL-Py homopolymer and P(CL-gPy)-ran-PCL random polymer were employed to assemble with β-glucuronidase (BGus)
to form polymer-protein core-shell particles with controlled size. We found that the
pyridine grafted polymers could preserve the structure and functionality of BGus. The
activity, thermal stability and storage stability of assembled BGus were comparable to free
BGus in the solution.
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CHAPTER 1
DESIGN, SYNTHESIS AND CHARACTERIZATION OF A SERIES OF
FLUORESCENCE TURN-ON SENSORS FOR CYSTEINE SENSING
1.1 Introduction
Cysteine (Cys) is an essential amino acid for protein or glutathione (GSH)
synthesis1, and for normal function of metabolism and detoxification.2 The cysteine
concentration in cells has to be kept at a balanced level, neither too low nor too high. The
disruption of the homeostasis of cysteine in cells may reduce the free iron and cause
oxidative DNA damage.3 While the living system needs adequate cysteine to support
normal function, if the concentration of cysteine is too high, it would cause toxicity to the
cells, tissues or living system.4 On the other hand, lack of cysteine would lead to many
health problems such as hair depigmentation, lethargy, slow growth and liver damage. As
a result, abnormal levels of cysteine would be implicated with many diseases, such as
Alzheimer’s disease, Parkinson’s disease,5 adverse pregnancy outcomes in humans,6 and
cardiovascular disease.7
Recently, several fluorescent probes for thiol detection have been introduced
based on different sensing mechanisms, such as cleavage of sulfonamide and sulfonate
esters,2 Michael addition, thiol-halogen nucleophilic substitution,8 metal complex-displace
coordination,9 disulfide exchange, cyclization with aldehyde, etc.10 However, most of these
1

thiol sensors could not distinguish cysteine from other amino acids11-13 or do not exhibit
any response to cysteine at all.14,15 Only a few of these fluorescent probes show excellent
selectivity towards cysteine over other amino acids.16,17 Li and coworkers reported the
response of the compound 1 towards cysteine in cells,18 which was developed by Qian's
group previously.19,20 The selectivity of the 8-oxo-8H-acenaphtho[1,2-b]pyrrol-9carbonitrile (compound 1) towards Cys was initially studied in a mixture of methanol and
HEPES solution (7:3, v/v) at pH 7. As the concentration of the Cys increased, the
absorption peak at 430 nm gradually decreased while a new peak appeared and increased
at 580 nm. The 75-fold increase in fluorescence together with color change from yellowgreen to red-orange enabled the compound 1 to be used as a fluorescence turn-on sensor
for Cys in both fixed and living cells. However, our group recently demonstrated that the
reported structure of compound 1 was wrong and the corrected core structure was verified
to be 1-oxo-1H-phenalene-2, 3-dicarbonitrile (DCP)21 via the two-dimensional (2D) NMR
and X-ray diffraction analysis. It could undergo oxidative nucleophilic substitutions of
aromatic hydrogen (SNArH) with a wide range of nucleophiles, such as hydroxide,22 amines
and thiols. Due to the strong electron-withdrawing capability of the rigid core structure and
the electron-donating property of the nucleophiles, intramolecular charge transfer (ICT)
fluorophore with excellent spectroscopic property could be produced. Moreover, C6 was
the most favorable position for the oxidative SNArH reaction in term of the nucleophilic
regioselectivity of the DCP, leading to the formation of a series of ICT fluorophores with
higher quantum yield.
In 2006, Qian's group20 modified the acenaphtho-heterocycle structure to afford
another analogue, i.e. 8-oxo-8H-acenaphtho[1,2-b]pyrrole-9-carboxylic acid ester
2

(compound 3) and its derivatives. Nevertheless, our previous group member obtained
products with totally different structures (Scheme 1.1) starting from DCP under the same
reaction conditions. The DCP was unexpectedly hydrolyzed by 98% H2SO4 to afford the
cyclized imide product NIT instead of the reported carboxyl acid derivative (structure 2).
The alkylation did not take place for the proposed carboxyl group, instead, it modified the
imide group to afford NIT-1 (Scheme 1.1). The reactivity of position-6 was still
maintained towards a nucleophilic aromatic substitution, similar to the original core
structure of NIT. For example, the product NIT-2 showed an emission and absorption at a
longer wavelength.

Scheme 1.1. Mistakenly reported and corrected schematic synthesis based on compound 1
and DCP, respectively.21
Besides DCP, when ethyl cyanoacetate was utilized as starting material instead of
malononitrile, another analogue CEP was synthesized. All the DCP, NIT and CEP
(Scheme 1.2) could undergo SNArH reaction at the same position with nucleophiles.
3

Scheme 1.2. Synthesis of the DCP, CEP and NIT.21
DCP, CEP and NIT all exhibited good selectivity towards Cys in PBS (Figure
1.1). Since cells have a higher level of GSH (1.0-15.0 mM) than that of cysteine, the
selectivity of all three sensors towards cysteine and glutathione was investigated. It has
been found that among these three fluorescent probes, both DCP and CEP exhibited better
selectivity than NIT towards Cys over high concentration of glutathione (GSH) (Figure
1.1).23 As the most abundant reactive cellular thiols, GSH acts as an antioxidant against
free radicals and toxin.10 Compared to low solubility and poor cell penetration of DCP,
CEP has better cell permeability (Figure 1.2a) and selectivity towards cysteine and could
further distinguish the cysteine concentration differences in living cells (Figure 1.2b).

4

Figure 1.1. Fluorescence selectivity of DCP, CEP and NIT towards cysteine (200 µM)
over GSH (5 mM) in PBS buffer solution. Concentrations were: DCP (10 µM), CEP (10
µM), and NIT (50 µM).23

Figure 1.2. a). Confocal imaging of HEK293 cells stained with 10 µM DCP, CEP and
NIT for 2h, respectively. b). Standard Curve of quantification of the concentration of
cysteine in vitro by the three sensors DCP (blue triangle), CEP (red circle) and NIT (black
square), respectively. The polynormial fit of each sensor is shown in red line.23

5

To track the intracellular cysteine concentration, Hepg2/C3A cells were pretreated
with different concentrations of cysteine for 24 hours and then stained with 50 µM CEP
for 0.5 h. Confocal images (Figure 1.3 a) have shown higher fluorescence intensity for
cells treated with 400 μM cysteine. Flow cytometry (Figure 1.3 b) also verified that the
CEP fluorescence can reflect the change of cysteine concentration inside cells. Around
two fold fluorescence signal (Figure 1.3 c) was observed for cells with higher
concentration of cysteine.
Due to the identical core structure of DCP, CEP and NIT had identical core
structure. Our former group members used DCP as a model probe to propose the sensing
mechanism towards Cys as oxidative SNArH followed by intramolecular replacement of
thiols by amino groups (Scheme 1.3). The addition-oxidation with an intermediate anionic
αH adduct, were involved in the SNArH reaction to build a C-S chemical bond between a
phenyl ring and a sulfur atom. The intramolecular nucleophilic aromatic substitution of the
thiol by amino group occurred via a two-step addition-elimination reaction. A five-member
ring intermediate 6 was formed when the amino group in compound 5 attacked the carbon
linked to the sulfur. Therefore, the sulfur-substituted DCP was the kinetic control product
and the amino-substituted DCP was the thermodynamic more stable product.

6

Figure 1.3. a) Confocal imaging of two groups of Hepg2/C3A cells pretreated with 0 or
400 µM cysteine then stained with CEP (scale bar: 10 μm). b) Flow cytometry of the
Hepg2/C3A cells pretreated with different concentrations of cysteine (yellow: 0 μM; red:
400 μM). c) Fluorescence intensity of the Hepg2/C3A cells treated with 0 or 400 μM
cysteine from flow cytometry results. 23
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Scheme 1.3. Proposed mechanism of DCP to react with cysteine.
Based on the previous work in our group, we have known that CEP was a superior
fluorescent probe for monitoring cysteine distribution and concentration in living cells.
However, the sensitivity of CEP towards cysteine was not as high as that of DCP in vitro
(Figure 1.2a). Therefore, a very high concentration of CEP (10 µM) was needed to obtain
good cell imaging results, while commercially available Mito-tracker only needed
500nmol.24 Therefore, it was interesting to pursue a better cysteine sensor derived from
CEP with better cell permeability, higher sensitivity, and low cell toxicity for cell imaging.
In this study, we aimed to improve the selectivity and cell permeability of the
probe by redesigning the molecular structure with CEP as the model fluorescent probe
molecule, taking in account of the intramolecular charge transfer (ICT) mechanism. We
designed, synthesized and characterized two potential cysteine sensors, CCPAP and
CCPAN, by converting the carboxylic group of CCP into amide group with the positive
charge, which could improve the cell permeability of probes and solve the low selectivity
8

problem of CEP. The 6-position of the core skeleton was reserved to be the cysteineselective reaction site. Since both CCPAP and CCPAN were derivatives of CCP, we
postulated that they could also undergo oxidative nucleophilic substitutions of aromatic
hydrogen (SNArH) with nucleophiles to produce intramolecular charge transfer (ICT)
fluorescent property with high quantum yield.
1.2 Results and discussion
Initially, CEP was chosen as the model compound to obtain a target probe
utilizing simple organic synthetic strategy. First and foremost, the 6-position of the core
skeleton had to be reserved as the cysteine-selective reaction site. Then both the -CN and
-COOEt group could undergo hydrolysis reaction either under strong basic25 or acidic
condition to generate the -COOH. The carboxylic acid could subsequently be chemically
converted to amide either by coupling reaction with amine (after activation by DCC or
EDC) or acylation reaction with thionyl chloride26 followed by reaction with the amine.27
Morevoer, -CN and -COOEt group could also be reduced by LiAlH4 to form -CH2NH2 and
-CH2OH, respectively. Either functional group could be further derivatized to attach
specificly useful moieties such as cancer targeting, mitochondria targeting and hepatocyte
guiding capability.
As shown in Table 1.1, different reaction conditions were tested for the hydrolysis
of CEP. However, none of these conditions worked. The basic condition NaOH did not
work because the CEP probe was not stable under basic condition and side reactions took
place. The hydroxide attacked the 6-position to occupy the selective reaction site of
cysteine. Although CEP was completely consumed under 60% H2SO4, there was no main

9

product but a lot of side products. When TFA was used as the acidic condition for 72 h at
50 ℃, CEP did not react to form any products.
Table 1.1. Different conditions to hydrolyze CEP.
Condition

CEP

Result

NaOH

60 ℃, 24 h

-OH SNArH on 6-position

60% H2SO4

excess

Too many spots in TLC. Hard to
separate

TFA

50 ℃, 72 h

NR

So finally we adopted another strategy by using cyanoacetic acid as the starting
material to react with acenaphthoquinone through the Knoevenagel Condensation reaction,
which successfully afforded CCP in two steps (yield 47%) (Scheme 1.4).

Scheme 1.4. Synthesis of CCP.
Several approaches have been reported to be applied to increase the cell membrane
penetration ability of the fluorescent probes, such as endowing the sensor with positive
charge,28 introducing hydrogen bond donor-acceptor pairs to the probe molecule29, and
incorporating acetates to the fluorophore.30 In our ongoing search to develop a suitable
probe with better photophysical properties for sensing cysteine, a cationic moiety
10

triphenylphosphonium was introduced to the molecular structure of CCP to improve the
cell permeability, which was also the mitochondria targeting motif.28 The
triphenylphosphonium moiety was incorporated through amide formation via coupling
reaction (Scheme 1.5). Initially 3-bromopropylamine hydrobromide was refluxed with
triphenylphosphine

(1.4

eq)

in

1-butanol

for

24

h

to

afford

the

(3-

aminopropyl)triphenylphosphonium bromide hydrobromide (compound s3) with a yield
80%. After that, HOBt and EDCI were used as coupling reagents to facilitate the reaction
between CCP and (3-aminopropyl)triphenylphosphonium bromide hydrobromide in a
mixture of CH3CN and H2O (v:v = 1:1) at room temperature for 24 h to obtain the
compound

(3-(2-hydroxy-1-oxo-1H-phenalene-3-carboxamido)propyl)

triphenylphosphonium bromide (CCPAP) with a yield 10% (Scheme 1.5).
To confirm the specificity of CCPAP towards mitochondria cysteine, a control
compound

(3-(2-hydroxy-1-oxo-1H-phenalene-3-carboxamido)propyl)pyridinium

bromide (CCPAN) was designed and synthesized with a positive pyridinium moiety. This
cationic pyridinium was integrated into CCP molecule at the same position as the
triphenylphosphonium in CCPAP through the similar procedure. In the first step the
pyridine was refluxed with the 3-bromopropylamine hydrobromide in toluene for 24 h to
afford (3-aminopropyl)pyridinium bromide hydrobromide (compound s2), yield: 91.7%.
The procedure of the second step to form CCPAN was the identical to that of CCPAP.
Since the procedures to synthesize CCPAP and CCPAN were similar and the
cationic moieties were at the same position, respectively, CCPAP was employed as a
representative to analyze the structure as follows. After affording the (3-aminopropyl)
triphenylphosphonium bromide hydrobromide (compound s3) (Scheme 1.5), the ESI-MS
11

and NMR analysis confirmed the compound CCPAP was obtained instead of the
compound 8 (Scheme 1.6). From the ESI-MS, the mass peak of CCPAP (Mw = 542 g/mol)
was observed, which was 9 g/mol smaller than (Figure 1.4 and 1.5) that of the compound
8 (Mw = 551 g/mol). In addition, we could infer that the mass peak 542 belonged to a
neutral molecule, which was a sum of one negative charge of the enolate plus one positive
charge in the triphenylphosphonium of the CCPAP (Scheme 1.6). From FT-IR
spectroscopy (Figure 1.6), the typical -CN peak of the starting material CCP appeared at
2211 cm-1; but in contrast, no -CN feature peak appeared in CCPAP or CCPAN, which
verified our assumption that CCPAP was the correct structure instead of the compound 8.

Figure 1.4. ESI-MS of the compound CCPAN.
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Figure 1.5. ESI-MS of the compound CCPAP.

Figure 1.6. Comparison of FT-IR of the compound CCP, CCPAP and CCPAN.
In the same way, CCPAN (Mw = 359 g/mol) was confirmed to be the correct
structure but the compound 9 (Mw = 368 g/mol) was not (Scheme 1.6).
13

Scheme 1.5. Synthesis for the fluorescent probe CCPAP.
The two electron-withdrawing carbonyl groups in 1- and 3- position of the
molecular skeleton of the CCPAP or CCPAN greatly blocked the ICT process, thus giving
rise to a nonfluorescent molecule. The fluorescence quantum yields of the CCPAP and
CCPAN in ethanol calculated using rhodamine B in EtOH (φ = 0.49)31 as the reference
were 1.6% and 0.87%, respectively. However, if an electron-donating amino group in the
cysteine molecules attacked the 6-position of the fluorophore, dramatic increase in
fluorescence would be obtained to lead to a highly fluorescent probe. Thus, the probes
might be used in a quantitative measurement of mitochondrial cysteine concentration as
well as the real-time monitoring of related physiological effects of cysteines in living cells.

Scheme 1.6. Comparison of the assumed structures 8 and 9 with the confirmed structures
of CCPAP and CCPAN
14

1.3 Experimental
Materials and characterization.
Chemicals used in the synthesis were purchased from Aldrich, Acros, Alfa Aesar,
TCI America without further purification unless otherwise specified. NMR spectra were
taken in CDCl3, MeOD or DMSO-d6 in a Varian Mercury/VX 300 spectrometer and the δ
values are in ppm. All chemical shifts were reported as parts per million (ppm) w.r.t. TMS
and referenced by residual solvent resonances. IR spectra were studied with a Shimadzu
FTIR Spectrophotometer. Mass spectra were recorded by Micromass Q-TOF I mass
spectrometer. Fluorescence emission and excitation spectra were recorded using a JASCO
FP-6500 Spectrofluorometer. Absorption was recorded utilizing a NANODROP 2000C
Spectrophotometer. Fluorescence quantum yields were determined in ethanol using
rhodamine B in ethanol (F = 0.49) as the standard.31 The path length was 1 cm with a cell
volume of 3.0 mL.
Synthesis of ANQCC.
Cyanoacetic acid (2.5 g, 29.75 mmol) in round bottom flask was heated at 80℃
to dissolve. Then acenaphthoquinone (0.9 g, 4.94 mmol) was added under the protection
of N2. After stirring at 110 ℃ for 3 h, TLC showed the reaction was completed. After
cooling down to room temperature, the crude reaction mixture was diluted with 30 mL
acetonitrile, filtered and washed twice with acetonitrile three times to afford an orange solid
ANQCC (0.62 g, yield: 50%).

15

Synthesis of CCP.
To a solution of ANQCC (400 mg, 1.6 mmol) in acetonitrile (25 mL) was added
K2CO3 (28.3 mg, 0.4 mmol) under the protection of N2. After 1 h of reflux, the color of the
reaction mixture changed from orange to yellow and TLC showed the complete
consumption of the starting material. The solvent was then removed to afford the crude
product, which was purified over column chromatography on silica gel (DCM: MeOH =
7:1) to give CCP as a yellow solid (376 mg, yield 94%).
Synthesis of s2 and CCPAN.

Scheme 1.7. Synthesis for the fluorescent probe CCPAN.
To a suspended solution of 3-bromopropylamine hydrobromide (8.7 g, 40 mmol)
in toluene (100 mL) was added pyridine (4.74 mL, 60 mmol). The reaction mixture was
then heated at reflux for 24 h under N2. After cooling down, the crude reaction mixture was
filtered and washed with ether three times to afford the white solid (10.87 g, 91.7%). 1H
NMR (300 MHz, DMSO-d6) δ: 9.24 (d, 2 H, J = 5.8 Hz), 8.66 (t, 1 H, J = 7.8 Hz), 8.22 (t,
2 H, J = 7.0 Hz), 8.08 (s, 3 H), 4.82 (t, 2 H, J = 7.0 Hz), 2.89 (sext, 2 H, J = 6.3 Hz), 2.28
(quint, 2 H, J = 7.2 Hz)
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To a solution of CCP (120 mg, 0.48 mmol) in mixture of CH3CN : H2O 5 mL
(1:1) at 0 ℃ in ice bath was added a solution of 2 (120 mg, 0.4 mmol) and K2CO3 (132.5
mg, 0.96 mmol) in mixture of CH3CN : H2O 1 mL (1:1). HOBt (74 mg, 0.48 mmol) and
EDCI (92 mg, 0.48 mmol) were then added to the solution at r. t. and stirred overnight. The
reaction mixture was concentrated under vacuum at low temperature (35 ℃) and purified
by the preparative TLC (silica gel; DCM : MeOH = 4:1 ) to afford the yellow solid (21 mg,
10%). 1H NMR (300 MHz, MeOD) δ: 9.07 (d, 2 H, J = 5.7 Hz), 8.48 (t, 1 H, J = 7.8 Hz),
7.98-8.04 (m, 3 H), 7.88 (d, 1 H, J = 7.0 Hz), 7.65 (t, 1 H, J = 7.5 Hz), 7.58 (d, 1 H, J = 8.3
Hz), 7.54 (d, 1 H, J = 6.6 Hz),7.45 (t, 1 H, J = 7.6 Hz), 4.79 (t, 2 H, J = 7.0 Hz), 3.63 (t, 2
H, J = 6.4 Hz), 2.48 (quint, 2 H, J = 6.7 Hz). ESI-MS: [M]+calcd for (M + H+): 359. Found:
359; calcd for (M + Na+): 381. Found: 381; calcd for (M + K+): 397. Found: 397.
Synthesis of s3 and CCPAP.
To a suspended solution of 3-bromopropylamine hydrobromide (25.1 g, 115 mmol)
in 1-butanol (150 mL) was added triphenylphosphine (42.1 g, 160 mmol). After heated at
reflux for 24 h under N2, the transparent reaction mixture was cooled down and poured into
a stirring solution of ethyl ether (450 mL) and toluene (250 mL). After stirring at r. t. for
0.5 h, the solid was collected and washed with ethyl ether three times to afford s3 as a
white solid (44 g, 80%). 1H NMR (300 MHz, DMSO-d6) δ: 7.76-7.98 (m, 18 H), 3.85 (m,
2 H), 3.04 (t, 2 H, J = 7.1 Hz), 1.89 (quint, 2 H, J = 7.5 Hz).
To a solution of CCP (180 mg, 0.72 mmol) in mixture of CH3CN : H2O 5 mL
(1:1) at 0 ℃ in ice bath was added a solution of s3 (192 mg, 0.6 mmol) and K2CO3 (248.4
mg, 1.8mmol) in mixture of CH3CN : H2O 1 mL (1:1). HOBt (111 mg, 0.72 mmol) and
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EDCI (138 mg, 0.72 mmol) were then added to the solution at r. t. and stirred overnight.
The reaction mixture was concentrated under vacuum at low temperature (35 ℃) and
purified by the preparative TLC (silica gel; DCM : MeOH = 10:1 ) to afford the CCPAP
as a yellow solid (36.4 mg, 10%).1H NMR (300 MHz, MeOD) δ: 8.01 (d, 1 H, J = 8.0 Hz),
7.70-7.92 (m, 16 H), 7.66 (t, 1 H, J = 7.5 Hz), 7.59 (d, 1 H, J = 8.2 Hz), 7.57 (d, 1 H, J =
6.6 Hz), 7.46 (t, 1 H, J = 7.7 Hz), 3.67 (t, 2 H, J = 6.3 Hz), 3.51-3.61 (m, 2 H), 2.10 (sext,
2 H, J = 7.4 Hz). ESI-MS: [M]+calcd for (M + H+): 542. Found: 542; calcd for (M + Na+):
564. Found: 564.13C NMR (100 MHz, MeOD) δ: 195.22, 168.97, 161.24, 136.79, 136.42,
135.79, 134.99, 133.75, 132.14, 131.75, 131.38, 129.83, 128.37, 122.72, 121.90, 119.99,
116.99, 101.67, 46.35, 25.36, 20.50.
1.4 Conclusions
Two types of positive charged moieties, i.e. triphenylphosphonium and
pyridinium, were introduced to the frame structure CCP respectively by coupling
carboxylic acid on the 3-position with amine to improve the cell permeability and cysteine
selectivity. ESI-MS, NMR, IR were employed for the successful characterization of the
novel potential cysteine sensor. The further cellular cysteine response of the probes is still
under investigation. The cationic moieties triphenylphosphonium and pyridinium would
enable the probes CCPAP and CCPAN to have potential improved cell permeability,
which could increase the sensitivity towards cellular cysteine for a good cell imaging.
Besides, triphenylphosphonium in CCPAP is a mitochondria targeting moiety, which
could increase the selectivity and be a potential mitochondria targeting sensor.
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CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF POLYCAPROLACTONE BASED
POLYMER FOR PROTEIN STABILITY AND ACTIVITY STUDY
2.1 Introduction
Enzyme has been widely used in food, pharmaceutical and biotechnology industry
due to its mild reaction conditions, specificity, and efficiency.1 However, some enzymes
have the disadvantages with inherent instability after repeated use, easy aggregation, high
cost, and difficulty in biocatalyst-product separation, which limit their wide applications.2,3
Recent developments in enzyme engineering by conjugation or coassembly with polymers
provided a strategy to improve the enzyme applications with extended use, recyclability,
low cost, and easy separation of substrate from enzyme.4-6 This kind of enzyme-polymer
nanocomposites has become a viable approach to improve the functionality of enzyme,7
optimize the procedure of separation, and minimize the cost.5 It has been reported that
coassembly of protein with nanoparticles can prevent the non-optimal geometry of the
enzyme conformational structure.8 This enhances the chances of the access of the substrate
to the active site of the immobilized enzyme, which resulted in an enhanced catalytic
activity.9 Recently, a number of enzyme/nanoparticle nanocomposites have been studied
in terms of their catalytic properties, such as β-galactosidase,10 alkaline phosphatase,11 and
glucose oxidase.12

24

Our group has developed stable core-shell protein-polymer nanohybrids with
various bio-applications in drug delivery, antigen immunogenicity, and enzyme activity
study.4,7,13 We have investigated the nanohydrids for different proteins (virus particle
TMV,14 CPMV,6 TYMV,14 ferritin,6 antigen protein,7 and M13 Bacteriophage13). The
polymers used in the nanohybrids included poly (4-vinylpyridine) (P4VP), poly (εcaprolactone)-block-poly(2-vinylpyridine) (PCL-b-P2VP), and pyridine-grafted-poly(εcaprolactone) (PCL-Py), which contained the pyridine functional group. The interactions
between proteins and polymers in the nanocomposites could be van der Waals forces,
hydrogen bonding, hydrophobic-hydrophilic interactions, and electrostatic interactions.6
This kind of nanocomposites with a stable core-shell structure could maintain the native
structure and functionality of the protein due to the existence of the pyridine groups linked
to the polymer chain.
In this work, we systematically investigated the activities of β-glucuronidase
(BGus) coassembled with P4VP, PCL-Py homopolymer, and P(CL-g-Py)-ran-PCL
random polymer. BGus expressed by Escherichia coli is a member of the glycosidase
family 2 of enzymes. It was utilized as a model enzyme, which could hydrolyze βglucuronides to produce a great variety of valuable chemicals. Amin et al. reported to
employ BGus-Ca-alginate beads to convert glycyrrhizin (GL) into glycyrrhetinic acid
monoglucuronide (GAMG), which was a superior sweetener and flavoring reagent.15 Jiang
et al. reported to immobilize BGus in biomimetic alginate/protamine/silica composites to
convert Baicalin into a more active anticancer and antioxidant drug Baicalein, which was
expensive due to its lower availability in nature.16 Moschel et al. reported a potent DNA
repair inactivator O6-benzylguanine was released from the β-glucuronidase-cleavable

25

prodrugs, which may be applied for a prodrug monotherapy.17 Herein we utilized 4nitrophenyl β-D-glucuronide (pNPG) as the substrate of BGus to study the activity of free
BGus and BGus-polymer nanocomposites. This substrate is commercially-available and
its hydrolyzed product p-nitrophenol can be easily monitored by UV-Vis spectrum (405
nm) with color change from colorless to yellow.
In this study, we designed and synthesized PCL based homopolymers PCL-Py
and random polymer P(CL-g-Py)-ran-PCL. These two synthetic pyridine containing
polymers and a commercially available P4VP co-assembled with BGus to form
nanocomposites for the activity and stability study. These polymers formed stable coreshell nanocomposites with BGus via non-covalent interactions. The activity of BGuspolymer nanocomposite was affected by the quality of freshly prepared BGus. Here we
used the number of ticks to stand for the relative activity with 3 ticks representing highest
activity and 1 tick representing the lowest activity. The nanocomposite formed by freshly
prepared BGus with high initial activity showed almost the same activity as free BGus
(Scheme 2.1a, b). However, some batches of freshly prepared BGus exhibited low activity,
which might result from the expression and purification process or bacteria effect.18 The
nanocomposites formed by less active BGus with polymers showed a higher activity than
free BGus, which implied the polymer platform might refold the structure of the enzyme
(Scheme 2.1c, d).

26

Scheme 2.1. Schematic representation of the assembled process for BGus with P4VP or
PCL based polymers for enzymatic activity study.

2.2 Results and Discussion
In order to investigate the structure-property relationships, we assembled BGus
with three different types of polymers: P4VP, PCL-Py homopolymer and P(CL-g-Py)ran-PCL random polymer. All the polymers used here contained pyridine moiety attached
to the polymer chain. These pyridine containing polymers can form stable polymer-enzyme
core-shell nanocomposites, which were confirmed by TEM and DLS. The protein BGus
here functionalizes as a surfactant to decrease the interfacial energy between water and
polymers, which improved the stability of the nanocomposites, which has already be
proved by our group previously. A close-packed nanosphere with full coverage of protein
can be obtained as characterized by TEM and FESEM analyses.

6,19

The interactions

between BGus with polymer nanocomplex included hydrogen bonding, balance between
hydrophobic-hydrophilic interaction, and electrostatic interactions, etc.
Withour BGus, P4VP polymer-formed nanoparticle was unstable in buffer
solution, aggregating out of the aqueous solution.4,7 The BGus could act as an amphiphile
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in the assembly process to stable the polymer formed core, which is mainly attributed to
the hydrogen bonding between protein and the pyridine moieties in the polymer chain.
However, PCL-Py and P(CL-g-Py)-ran-PCL could form stable nanoparticles even
without the protein as the corona, which was due to the specific balance between
hydrophobicity and hydrophilicity as well as the hydrogen bonding with pyridine groups.
2.2.1 Coassembly of BGus with P4VP polymer.

Figure 2.1. a). Activity comparison of BGus assembled with P4VP in different mass ratio
from 1:0.4, 1:0.8, 1:1.6, 1:3.2, and free BGus, respectively in terms of absorbance of the
product p-nitrophenol at 405 nm. b). Time course of the activity of BGus within 10 min in
the pH 6.8, 20 mM KPS buffer. c). CD Spectrum of free and assembled BGus in solution.
d). The size distribution of nanoparticle developed by coassembly of BGus-P4VP with
mass ratio from 1:0.4 to 1:3.2 from DLS.

The absorbance of hydrolyzed product by BGus after 10 min (Figure 2.1a ) and
time courses of BGus hydrolysis reaction during the first 10 min were monitored in terms
28

of absorbance at 405 nm in UV-Vis spectrum (Figure 2.1b). It showed that the free BGus
had a lower activity than the coassembled nanocomposites with different BGus/P4VP
ratios. The nanocomposites formed by BGus-P4VP of 1:0.4, 1:0.8 and 1:1.6 ratios
exhibited a similar reactivity while ratio 1:3.2 had a slightly higher activity. This enhanced
activity of the coassembled nanocomposites was related to the secondary conformational
structures of BGus, which can be characterized by CD spectrum. The CD spectrum of free
BGus showed a loss of the negative ellipticity at 212 and 225 nm (Figure 2.1c), indicating
the decrease of the α-helical structure, which was particularly attributed to the secondary
structure of BGus.20 This implied this batch of free BGus was not in a very stable state in
solution. The CD spectrum of coassembled BGus-P4VP composites showed two feature
signals at 212 and 225 nm with stronger intensity, demonstrating very good α-helical
structure.21 This suggested that the formation of core-shell BGus-P4VP nanocomplex
helped to refold some unfolding part in the protein molecular structure for a higher
activity.4
It has been reported that the size of protein-P4VP nanohybrid was greatly affected
by the mass ratio of the protein to P4VP.6 The higher the amount of polymer P4VP was,
the bigger size of the assembled nanoparticle would be. As the content of P4VP in BGusP4VP nanocomposite increased from 1:0.4 to 1:3.2, the size of the assembly nanostructure
increased from 250 nm to 700 nm (Figure 2.1d). It was determined by hydrophilic and
hydrophobic motifs in the polymer chain.6 However, the size differences of the
nanoparticles had little effect on the activity differences of the assembled BGus, all the
assembled BGus-P4VP showed higher activities than free BGus.
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Figure 2.2. a). The thermal stability of BGus after heated at different temperature from
25 °C to 70 °C for 1 min and then undergoing the hydrolytic reaction for 5 min without
addition of stop solution. b).The storage stability of BGus at 4 °C for different days in
terms of its hydrolytic capability towards pNPG.

Thermal stability was also crucial for the applications of enzymes. The thermal
stability was investigated by heating BGus for 1 min at various temperatures from 25 °C
to 70 °C. Upon heating, all the assembled and free BGus showed decreased activities
(Figure 2.2a). However, all the assembled BGus still exhibited higher activities than free
BGus, which further demonstrated the P4VP core could stabilize BGus to some extent
against heat.
Storage stability was also studied for 1 d, 5 d, 15 d, and 36 d at 4 °C. The activities
of free BGus and assembled composites gradually decreased with time. The free BGus
had lowest absorbance around 0.07 while the assembled one around 0.1 at 36 d (Figure
2.2b). In the whole storage process, the assembled BGus displayed higher activities than
free BGus, which indicated that enzyme-P4VP nanohybrids would be a very useful
platform to improve the enzyme storage stability for industrial applications.
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2.2.2 Coassembly of BGus with PCL-Py polymer.

Figure 2.3. a). Activity comparison of BGus assembled with PCL-Py in different mass
ratio from 1:0.4, 1:0.8, 1:1.6, 1:3.2, and free BGus, respectively in terms of absorbance of
the product p-nitrophenol at 405 nm. b). Time courses of the activity of BGus within 10
min in the pH 6.8, 20 mM KPS buffer. c). CD Spectrum of free BGus and composites in
solution with mass ratio from 1:0.4 to 1:3.2. d). The size distribution of nanoparticles
BGus/PCL-Py with mass ratio from 1:0.4 to 1:3.2 from DLS.

The activity of coassembled BGus/PCL-Py nanocomposites were investigated
(Figure 2.3a, b). The composites showed different activities from free BGus. The
composites with mass ratios (1:0.4, 1:0.8, and 1:1.6) had higher activities while 1:3.2 ratio
had a lower activity than free BGus. In addition, the activity of BGus decreased as the ratio
PCL-Py increased from 1:0.8 to 1:3.2, the difference of which could also be illustrated by
the CD spectrum (Figure 2.3c). The CD spectrum of this batch of freshly prepared free
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BGus had a negative band around 195 nm, which indicated a partial unfolding to form
random coil structure of free BGus during expression and purification process. Only the
BGus/PCL-Py composites with 1:0.4 and 1:0.8 mass ratios showed two negative peaks
around 215 nm and 225 nm with higher intensities. The free BGus and assembled
BGus/PCL-Py at the ratio of 1:1.6 and 1:3.2 with a loss in the ellipticity in the CD
spectrum indicated the loss of the alpha helices or some aggregation of the enzyme.22 Based
on the DLS data, the sizes under each ratio from 1:0.4 to 1:3.2 are from 200 nm to 300 nm.
They had close sizes with a small difference within 100 nm (Figure 2.3d).
A proposed explanation of the different activities of nanocomposites was
illustrated as following. The decrease of activity of BGus/PCL-Py composites with
increased polymer content might result from the lower amount of BGus on the surface of
the corona of composites. For the mass ratio 1:1.6 and 1:3.2, the concentration of polymers
increased as two and four times as that for 1:0.8, respectively. Since the sizes of
nanocomposites were very close to each other, the respective total numbers of
nanocomposites for 1:1.6 and 1:3.2 were much higher than 1:0.8. This resulted in less
BGus protein molecules laid on the surface of the corona of each nanocomplex. The interdistance of BGus was long on the surface, which caused less strong interactions of enzyme
with the nanoparticle surface to obtain an optimal secondary structure.3 So the BGus
might still retain their unfolding state as free BGus in solution, which was indicated by
the CD spectrum. However, the nanocomposites with mass ratio of BGus/ PCL-Py 1:0.4
and 1:0.8 had a relatively higher concentration of BGus. So they could be refolded well
on the corona of the core-shell nanoparticle, which could be demonstrated by peaks around
215 nm and 225 nm in CD spectrum.
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The thermal stability upon heating of free BGus and BGus/PCL-Py
nanocomposites showed a decrease in activity, which was a similar trend to BGus-P4VP
nanocomposites (Figure 2.4a). Similarly, all the assembled BGus still exhibited higher
activity than free BGus upon heating, except for mass ratio of BGus/PCL-Py 1:3.2. The
CD spectrum of ratio 1:3.2 nanocomposite showed a great extent loss of the secondary
structure (Figure 2.3c). TEM image showed that BGus successfully formed a very stable
nanocomplex with polymer PCL-Py (Figure 2.4b). This further demonstrated the PCLPy core could stabilize BGus to some extent against heat.

Figure 2.4. a). The thermal stability of BGus after heated at different temperature from
25 °C to 75 °C for 1 min and then undergoing the hydrolytic reaction for 5 min without
addition of stop solution. b). TEM image of BGus/PCL-Py based nanohybrids.

2.2.3 Coassembly of BGus with P(CL-g-Py)-ran-PCL random polymer (BGus-Pran).
The nanocomposites formed by BGus-Pran showed higher reactivities than free
BGus, which was similar to the BGus-P4VP nanocomposites (Figure 2.5a, b). However
the CD spectrum showed differences of BGus-Pran and free BGus. In the CD spectrum of
mass ratio 1:0.4, 1:0.8 and 1:1.6, the two negative bands at 212 nm and 225 nm disappeared
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and a new single negative peak appeared at 220 nm with a higher intensity, which might
be derived from beta-sheet structure.23 The increase of the ellipticity intensity also
indicated increased stability for the assembled BGus.22 For the ratio of 1:3.2, the main
negative signal at 225 nm still remained and a new small peak emerged at 205 nm (Figure
2.5c). The DLS data for the BGus/ Pran showed the sizes did not change too much from
1:0.8 to 1:3.2 (around 160 nm to 300 nm). The mass ratio 1:0.4 showed a bimodal
distribution of nanoparticle size with about 40 nm and 300 nm. However, the
nanocomposite with this bimodal distribution of size also enhanced the activity of BGus
(Figure

2.5a

&

b).

Figure 2.5. a). Activity comparison of assembled BGus/Pran in different mass ratio from
1:0.4, 1:0.8, 1:1.6, 1:3.2 with free BGus, respectively in terms of absorbance of the product
p-nitrophenol at 405 nm. b). Time courses of the activity of BGus within 10 min in the
KPS buffer (pH 6.8, 20 mM). c). CD Spectrum of free BGus and composites in solution
with mass ratio from 1:0.4 to 1:3.2. d). The size distribution of nanoparticles of BGus Pran in mass ratio from 1:0.4 to 1:3.2 from DLS.
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The storage stability (at 4 °C fridge) of BGus-Pran nanocomposites exhibited
higher activities than the free BGus, which was similar to the BGus-P4VP (Figure 2.6).
The hydrolytic ability of free BGus dropped sharply more than half with an absorbance
0.07 on the second day, which indicated an instability in the free solution. However, the
stability and activity was greatly improved in BGus-Pran nanocomposites, which showed
more than half hydrolysis ability even after 30 days’ storage at 4 °C fridge.

Figure 2.6. The storage stability of BGus-Pran at 4 °C for different days evaluating based
on its hydrolytic capability towards pNPG
.
2.2.4 The effect of quality of freshly prepared BGus on the activity and stability.
The stability and activity of a free enzyme in the buffer solution is affected by
many different factors including bacterial, expression and purification process etc. The
freshly prepared BGus from different batches showed different initial activities (Figure
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2.1a, 2.3a, and 2.5a). It’s interesting to investigate the quality effect of freshly prepared
BGus on the stability and activities of free and coassembled BGus.

Figure 2.7. For another Batch of purified BGus assembled with P4VP: a). Activities of
assembled BGus with free BGus after 24 days storage at 4 °C. b). Assembled and free
BGus were heated at 55 °C for 10, 20, 30, 40, 50, 60 min respectively. Na2CO3 (0.2 M,
150 μL) was added at the end to stop the hydrolysis reaction.

Another batch of freshly purified BGus was prepared with absorbance at 0.4,
which indicated the highest initial activity than last batch of BGus with less than 0.3
absorbance (Figure 2.1a, 2.3a, 2.5a and 2.7a). The BGus-P4VP nanocomposites
exhibited a negligible difference in hydrolysis ability toward pNPGs from free BGus. This
might result from the fact that this batch of freshly prepared BGus had gained the most
stable state in the KPS buffer. And the coassembled BGus-P4VP nanocomposites retained
most of the activity. Even after stored in 4 °C fridge for as long as 24 days, both free and
assembled BGus-P4VP could still retain most of the initial activity (more than 95% of its
original activity).
The free BGus and BGus-P4VP nanocomposites were heated to 55 °C for
different time periods from 10 to 60 min to investigate the thermal stability at high

36

temperature (Figure 2.7b). They exhibited similar absorbance values at different time
points and similar trends with a decrease of activity. This indicated the coassemled BGusP4VP nanocomposites didn’t improve the long term thermal stability at high temperature.

Figure 2.8. Another batch of purified BGus assembled with PCL random polymer Pran:
compare activities of assembled BGus with free BGus after 24 days storage at 4 °C.
In order to study the effect of polymer types on the activity and stability of high
initial activity BGus, the random copolymer P(CL-g-Py)-ran-PCL was utilized to form
BGus/ Pran. The nanocomposites exhibited a slightly higher enhancement in activity than
free BGus (Figure 2.8). After stored in 4 °C fridge for 24 days, both free and assembled
BGus/ Pran had little decrease (around 5% in terms of the absorbance) in the activity.
2.3 Experimental
Materials.
4-Nitrophenyl β-D-glucuronide (pNPG, ≥98%, Sigma Aldrich), poly(4vinylpyridine) (P4VP, Mw ∼ 60000, Sigma-Aldrich), α-chlorocyclohexanone (97%, Alfa
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Aesar), m-chloroperoxybenzoic acid (mCPBA, 70−75%, Acros), copper iodine (CuI,
99.999%, Sigma-Aldrich), stannous octoate (92.5−100.0%, Sigma-Aldrich),

1,8-

diazabicyclo[5.4.0]undec-7- ene (DBU, 98%, Sigma-Aldrich), sodium azide (99.5%,
Sigma-Aldrich), propargyl alcohol (99%, Sigma-Aldrich), pyridine (anhydrous, 99.8%,
Sigma-Aldrich), isonicotinoyl chloride hydrochloride (95%, Sigma-Aldrich), nicotinoyl
chloride hydrochloride (97%, Sigma-Aldrich) and ethylenediaminetetraacetic acid
tetrasodium salt hydrate (EDTA, 99.0%, Sigma-Aldrich) were used as received. 3-Chloro1-propanol (98%, Sigma-Aldrich) was vacuum distilled and stored under vacuum prior to
use. ε-caprolactone (CL, 99%, Sigma-Aldrich) was dried over activated molecular sieve
and vacuum distilled. Toluene was atmospherically distilled at 145 °C and stored under N2
before use. All other chemicals and solvents were purchased from commercial resources
and used as received. α-chloro-ε-caprolactone (αClεCL)
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and nicotinic propargyl ester

were synthesized according to reported methods. β-glucuronidase from Escherichia coli
was provided by our group member Dr. Jia Yang.
Characterization.
1

H and 13C NMR spectra were obtained on a Varian Mercury 400 spectrometer

with tetramethylsilane (TMS) as an internal reference. Molecular weights (Mn) and
dispersities (Ð) were determined using a gel permeation chromatograph (GPC) equipped
with a Varian 290-LC pump, a Varian 390-LC refractive index detector, and three Styragel
columns( HR1, HR3 and HR4, molecular weight range of 100-5000, 500-30000, and 5000500000, respectively). THF was used as eluent for GPC at 30 ℃ and a flow rate of 1.0
mL/min. GPC was calibrated with polystyrene (PS) standards obtained from Polymer
Laboratories. The GPC samples were prepared by filtering a 2.0 mg/mL solution in THF
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through microfilters with an average pore size of 200 nm. Fourier transform infrared
spectrometry (FT-IR) spectra were recorded on Perkin Elmer spectrum 100 FT-IR
spectrometer. UV−vis measurement was performed on a Molecular Device SPECTRAMax
plus 384 with a microplate reader. Circular dichroism (CD) measurement was performed
on a Jasco 815 spectrophotometer, using a quartz cuvette with a 10 mm path length, and
scans were taken from 190 to 260 nm at a rate of 100 nm·min−1 with a 1 nm step resolution
and a 1 s response. The hydrodynamic diameter, size distributions, and zeta potential were
measured with dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instruments).
Transmission electron microscopy (TEM) samples were prepared by depositing 20 μL
aliquots of samples onto 300-mesh carbon-coated copper grids for 2 min and observed with
a Hitachi H-8000 transmission electron microscope.
Typical Procedure to prepare BGus-polymer nanocomposites.
To ensure the comparability, all the assembly process, activity characterization for
all three polymers (P4VP, PCL-Py, P(CL-g-Py)-ran-PCL) formed nanocomplex systems
were under the same conditions including the same stirring speed and time for co-assembly,
and the same ratio of organic solvent in the assembly system.
The BGus-P4VP nanocomposites formed core-shell structures with different
sizes according to different ratios of BGus to P4VP. A solution of P4VP (Mw 60000 Da)
in ethanol (2.0 mg·mL−1, 12 μL ~ 96 μL ) was slowly added into BGus solution (3 mL, 20
μg/mL) in potassium phosphate buffer (pH 6.8, 20 mM) with gentle stirring. Different mass
ratios of BGus/ P4VP (1:0.4; 1:0.8; 1:1.6; 1:3.2) were prepared in order to evaluate the
size effect on the activity of the BGus. The reaction mixture was first equilibrated at room

39

temperature for 30 min and left uncapped for 5 h to ensure the complete evaporation of
ethanol.
The nanocomposites formed by PCL-Py or P(CL-g-Py)-ran-PCL with BGus
were prepared by a similar procedure to the P4VP nanocomposite. THF was used as
solvent to dissolve the PCL-Py or P(CL-g-Py)-ran-PCL.
Activity Assay of free BGus and BGus-Polymer nanocomposites in solution.
All enzyme catalytic reactions were carried out in pH 6.8, 20 mM potassium
phosphate (KPS) buffer unless otherwise specified. The activities of free BGus and BGusPolymer nanocomposites were determined by the absorbance of the hydrolysis product of
pNPG (p-nitrophenol) at 405 nm in UV-Vis spectrum. BGus solution (25 μL 2 μg/mL)
mixed with 25 μL 1 mM pNPG solution in KPS buffer and incubated at 25 °C for 20 min.
Then the absorbance of the product p-nitrophenol in 50 μL reaction mixture at established
time points was collected at 405 nm with 30 min at 37 °C to evaluate the activity. The
assays were performed three times and the averages were reported. Na2CO3 solution (150
μL 0.2 M) was added to the reaction mixture to stop the hydrolysis as mentioned in some
experiments.
Thermal Stability.
The BGus enzyme was heated at various temperatures from 25 °C to 65 °C for 1
min and followed by reacting with equal volume of the substrate pNPG (25 μL, 1 mM) at
room temperature for 5 min. The absorbance at 405 nm was collected without addition of
stop solution (150 μL Na2CO3) for the production of the hydrolyzed pNPG by BGus.
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In another experiment, BGus was heated at 55 °C for 10 min to 60 min with an
interval 10 min. It took 20 min for the reaction to take place and finally 150 μL Na2CO3
was added to stop the reaction.
Storage Stability.
The enzyme BGus was stored in 4 °C for different days before checking the
hydrolysis capability.
Synthesis of homopolymer P(αClεCL).

Scheme 2.2. Synthesis of PCL-Py by ROP and click chemistry.
The polymer PCL-Py was finally obtained by the reactions starting from ring
opening polymerization of αClεCL in dry toluene. 3-Chloro-1-propanol (5.3 mg, 0.0555
mmol), stannous octoate (18 mg, 0.0445 mmol), and αClεCL (1.0 g, 6.67 mmol) were
added into a 25 mL Schlenk flask containing 10.0 mL of dry toluene. The solution was
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protected under N2 before putting into a preheated oil bath set at 118 °C. After
polymerization for 4 h, stop the reaction in ice bath. The crude 1H NMR showed a
conversion of monomer αClεCL around 70%. The polymer was purified by precipitation
in cold hexane and dried under vacuum. The molecular weight of P(αClεCL)
homopolymer was calculated to be Mn=9 k. The Mn was determined to be 9.2 k with Đ =
1.2 from GPC.

1

H NMR (CDCl3, ppm): 4.21 (t, -CHClCOOCH2-), 4.11 (t, -

CHClCOOCH2-), 3.6 (br, - CHClCH2CH2CH2CH2OH-), 1.4-2.0 (broad, -CH2CH2CH2-)
(Scheme 2.2).

Synthesis of homopolymer P(αN3εCL).
The chloro groups in P(αClεCL) were replaced by azide groups through a
nucleophilic substitution process. NaN3 (650 mg, 9.99 mmol) was added into the solution
of P(αClεCL) (500 mg, 3.33 mmol −Cl) in 5.0 mL of DMF. After the reaction was stirred
at room temperature for 24 h, it was added into 50 mL cold solvent mixture of
methanol/water (9:1) and stored at -20 °C for 1 h. The precipitation was collected by
centrifuge and then dissolved in DCM and dried under vacuum and named as P(αN3εCL).
The molecular weight of P(αN3εCL) homopolymers was calculated to be Mn=9.5 k. . The
Mn was determined to be 11.4 k with Đ = 1.32. 1H NMR (CDCl3, ppm): 4.14 (t, CHN3CH2CH2CH2CH2-),

3.79

(t,

-CHN3CH2CH2CH2CH2-),

CHN3CH2CH2CH2CH2-) (Figure 2.9).
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1.77-1.46

(br,

-

Synthesis of poly(α-pyridine-ε-CL) (PCL-Py)
The azide group on polymer P(αN3εCL) was modified with nicotinic propargyl
ester through a CuAAC coupling process as follows. Polymer P(αN3εCL) (0.9 g, 3.34
mmol −N3) and nicotinic propargyl ester (1.08 g, 6.7 mmol) and THF (3.0 mL) were mixed
in a 10 mL round bottle flask and purged with N2 for 20 min. In a 10 mL Schlenk flask,
CuI (63.46 mg, 0.334 mmol) and DBU (50.84 mg, 0.334 mmol) were dissolved in 1.5 mL
of THF and 0.5 mL of DMF. The flask was then purged with N2 for 30 min. The solution
with CuI/DBU was stirred for 30 min before transferred into the flask with the polymer
solution to start the click reaction. The reaction proceeded for 18 h at 35 °C and a full
conversion of the azide functionality was confirmed through FT-IR. DCM (10 mL) was
added to dilute the solution, which was later washed with saturated EDTA solution for six
times under gentle stirring until the EDTA washing solution became colorless. The
polymer solution was dried with anhydrous MgSO4, and concentrated under vacuum before
precipitated out from cold diethyl ether. The product was dried under vacuum to get PCLPy polymer. The theoretical molecular weight was calculated to be 18.8 k. The Mn was
16.8 k with Đ = 1.25 from GPC. 1H NMR (CDCl3, ppm): 9.11, 8.68, 8.20, 7.31 (m, aromatic,
pyridine), 7.88 (s, triazole, -CHC-), 5.23 (s, -triazole-CH-OOC-), 4.03 (s, -triazole-CH(CH2)3CH2OH), 2.10, 1.57, 1.18 (m, -triazole-CHCH2CH2CH2-) (Figure 2.9).
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Figure 2.9. a). 1H NMR spectra of P(αN3εCL-ran-CL), PCL-Py and nicotinic propargyl
ester; b). FT-IR spectra and c). GPC traces of P(αN3εCL-ran-CL) (1) and PCL-Py (2).

Scheme 2.3. Synthesis of P(CL-g-Py)-ran-PCL (Pran) polymer.
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Synthesis of random polymer P(αClεCL-ran-CL)
This procedure is similar to the polymerization of P(αClεCL). The mixture of CL
andαClεCL monomers was used with ratio of CL to ClεCL 1:2.5 (Scheme 2.3).
3-chloro-1-propanol (7.1 mg, 0.075 mmol), stannous octoate (24.3 mg, 0.06
mmol), CL (255.9 g, 2.24 mmol) and αClεCL (1.0 g, 6.73 mmol) were added into a 25 mL
Schlenk flask containing 10.0 mL of dry toluene. The mixed solution was stirred for 30
min while purging with N2 before putting into a preheated oil bath set at 118 °C. After
polymerization for 4 h, stop the reaction in ice bath. The polymer was purified by
precipitation in cold hexane and dried under vacuum. From 1H NMR the molecular weight
of P(αClεCL-ran-CL) polymers was calculated to be Mn=10.3 k. In the random polymer,
the ratio of CL to αClεCL is 1:3. From GPC characterization, Mn was determined to be 13
k with Đ = 1.3. 1H NMR (CDCl3, ppm): 4.0-4.2 (m, -CHClCH2CH2CH2CH2-, CH2CH2CH2CH2CH2-),

2.25

(m,

-CH2CH2CH2CH2CH2-),

1.95-1.34

(m,

-

CHClCH2CH2CH2CH2O-, -CH2CH2CH2CH2CH2O-) (Figure 2.10).
Synthesis of random polymers P(αN3εCL-ran-CL)
P(αClεCL-ran-CL) (500 mg, 2.43 mmol) dissolved in 6 mL DMF, followed by
the addition of sodium azide solid (474 mg, 7.29 mmol). After 23 hs, the reaction mixture
precipitated out in the mixture of Methanol/H2O 9:1 and stored in -20 °C for 1h and then
recovered by centrifuge and vacuum rotavator. The molecular weight of P(αN3εCL)-bPCL was calculated to be Mn = 15.1 k. From GPC characterization, Mn was determined
to be 15.6 k with polydispersity index Đ = 1.21. 1H NMR (CDCl3, ppm): 4.20 (t, CHN3CH2CH2CH2CH2-),

4.07

(t,

-COCH2CH2CH2CH2CH2O-),
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3.85

(t,

-

CHN3CH2CH2CH2CH2-), 2.31 (t, -COCH2CH2CH2CH2CH2O-), 1.83−1.46 (br, CHN3CH2CH2CH2CH2- and -COCH2CH2CH2CH2CH2O-) (Figure 2.10).
Synthesis of random polymers P(CL-g-Py)-ran-PCL (Pran)
P(αN3εCL-ran-CL) (269 mg, 1 mmol N3) and isonicotinic propargyl ester (322.3
mg, 2 mmol) were dissolved in the solvent mixture DMF/THF = 1:1 (5 mL : 5 mL) with
purge of N2 for 30 min. In a 10 mL round-bottom flask, CuI (19 mg, 0.1 mmol) and DBU
(15 mg, 0.1 mmol) were dissolved in 1 mL of THF and 1 mL of DMF under protection of
N2 for 30 min with stirring. Then the solution of polymer and isonicotinic propargyl ester
was added to the CuI/DBU mixture in a pre-set 35 °C oil bath for 16.5 hr. The reaction
mixture was precipitated out from cold diethyl ether, then diluted with DCM (10 mL) and
washed with saturated EDTA solution to get rid of all the Cu ions. The reaction mixture
needed to be washed for five times until the top EDTA solution layer became colorless.
The solution was dried by anhydrous MgSO4 and the solvent was removed under vacuum
to get P(CL-g-Py)-ran-PCL. The molecular weight calculated from NMR was 22.6 k.
From GPC characterization, the molecular weight was 9 k with Đ = 1.3. 1H NMR (CDCl3,
ppm): 7.92 (s, triazole, -CH = C-), 7.7, 7.5 (m, aromatic, pyridine), 5.51 (s, -triazole-CH2OOC-),

5.30

(s,-triazole-CH-CH2-),

4.20-3.95

(br,

triazole-CH(CH2)3CH2-,

-

COCH2(CH2)3CH2O-), 2.34-2.09 (br,-CH2COOCH2-), 1.72-0.90 (m, -CH2CH2CH2- and triazole-CH(CH2)3CH2-) (Figure 2.10).
From 1H NMR spectrum of P(CL-g-Py)-ran-PCL, 7.92 ppm is for the proton on
the triazole group. The hydrogens from the pyridine motif attached to the PCL polymer
chain were at 7.5 and 7.7 ppm, which indicated the successful graft of pyridine to the PCL
polymer backbone. For the IR spectrum, the characteristic IR peak for azide was around
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2200 cm-1. After click reaction of the azide modified PCL random polymer, all the azide
functional groups were converted into triazole, which could be proved by the disappearance
of 2200 cm-1 peak.

Figure 2.10. a). 1H NMR comparison of random PCL polymers from chloride modified
P(αClεCL-ran-CL) (black), azide modified P(αN3εCL-ran-CL) (red) to pyridine
modified P(CL-g-Py)-ran-PCL (blue). b). GPC and c). IR spectrum of these three
polymers.

2.4 Conclusions
In conclusion, we designed and prepared pyridine modified polymer to generate a
series of BGus-polymers nanocomposites based on non-covalent interaction. These
pyridine modified polymers here represented an appealing nano-scaffold for the stability
and activity study of BGus. The nanocomposites formed by co-assembly of BGus and
polymers showed a higher catalytic activity than free BGus. A series of nanocomposites
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with different sizes were prepared by tuning the ratio of BGus and polymer during the
preparation. The CD spectrum indicated the improved activity was related to the ordered
secondary structure of BGus after co-assembly with polymers. Both thermal and storage
stability of assembled BGus-polymer nanocomposites were greatly improved. It also
showed the enhancement of activity of BGus-polymer was related the quality of freshly
prepared BGus. There was little increase of activity of BGus-polymer nanocomposites
from free BGus with high initial activity. The P4VP and pyridine modified PCL polymers
could preserve the conformational structure and functionality of BGus for long time
storage and long distance transportation. This also provides a versatile platform to design
other enzymes or substrates systems for better activities and stabilities study.
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